aBBreViatiOnS AVM = arteriovenous malformation; CBF = cerebral blood flow; DSA = digital subtraction angiography; FA = feeding artery; FA+PA = combined FA and PA; iCBF = intensity of CBF; ICG = indocyanine green; LSFI = laser speckle flow imaging; PA = "passing through" artery; ROI = region of interest. OBJectiVe To avoid ischemic complications, it is important to consider the arteries in resection planning for lesions such as a vascular intraparenchymal tumor and arteriovenous malformation. Here, the clinical application of laser speckle flow imaging (LSFI) as a complementary method for the management of mass lesion-related arteries during surgery was evaluated. MethODS LSFI was performed in 12 patients with mass lesion-related arteries and brain tumor or arteriovenous malformation. The portable LSFI device was centered over the surgical field, and the relative cerebral blood flow (CBF) before and after the temporary interruption of the arteries was measured through continuous recording. CBF fluctuations permitted the classification of 3 kinds of artery-a feeding artery (FA), a "passing through" artery (PA), and a combined FA and PA (FA+PA)-based on decreased relative CBF in the inner resection area and unchanged CBF in the surrounding area (FA), unchanged CBF in the inner area and decreased CBF in the surrounding area (PA), or decreased CBF in both areas (FA+PA). This information allowed the appropriate management of these arteries and avoidance of postoperative ischemic complications. reSUltS Good visualization of CBF in the surgical field and relative CBF measurements in the regions of interest were achieved in real time with excellent spatiotemporal resolution. In 11 patients (92%) and 20 regions of interest, a decline in CBF was observed after temporary interruption of the FA (n = 8), PA (n = 2), and FA+PA (n = 2) types. There was a significant average reduction in CBF of 15.3% ± 29.0%. There were no ischemic complications, and only 1 patient had a postoperative ischemic lesion caused by resection through an artery that could not be viewed by LSFI due to a positional problem. cOnclUSiOnS LSFI permits noninvasive and rapid intraoperative real-time recognition of mass lesion-related vasculature. This information can be used to avoid ischemic complications as a procedure complementary to neurophysiological monitoring. 
I n surgery for a vascular tumor or arteriovenous malformation (AVM), it is important to avoid complications associated with an ischemic lesion formed by damage to the arteries. Indocyanine green (ICG) videoangiography or intraoperative digital subtraction angiography (DSA) can be used to evaluate vascular patency during bypass 30, 32 or aneurysm 5, 25 surgery, but these procedures do not visualize relative microcirculatory flow or tissue perfusion. Laser speckle flow imaging (LSFI) was developed in the 1980s for monitoring blood flow in the retina 4, 11 and is now commonly used to monitor changes in cerebral blood flow (CBF) 1, 7, [18] [19] [20] 24, 26, 29, 33 during functional activation, 6, 8, 10, 16 cortical spreading depression, 2,27 and hypothermia. 17 LSFI has been used in extracranial-intracranial bypass surgery since 2009. 9, 13, 14 We have shown that LSFI measurement of the intraoperative decrease in CBF caused by internal carotid artery interruption is almost equal to that during preoperative balloon test occlusion measured by iodoamphetamine SPECT, and the intraoperative increase in CBF by superficial tem-poral artery-middle cerebral artery anastomosis and the postoperative increase in CBF are moderately correlated. 22 Thus, using LSFI intraoperatively permits the recognition of the perfusion area of a temporarily interrupted artery in real time. Moreover, a comparison of CBF fluctuation between the planned resection area and surrounding normal surface area might allow the classification of an artery as a feeding artery, a "passing through" artery that is just perforating the mass lesion, or both. Appropriate management of each artery type might then reduce ischemic complications. In this study, we investigated the utility of intraoperative LSFI for measuring CBF and avoiding postoperative ischemic complications during tumor or AVM surgery.
Methods

Patients
From May 2011 to April 2014, intraoperative CBF was measured using LSFI in 12 patients with a brain tumor (n = 7) or AVM (n = 5) at Yamaguchi University Hospital. The patients included 8 males and 4 females, and they had an average age of 61.9 ± 16.9 years (range 3-75 years). The study protocol, including the use of a new device, was approved by the institutional review board at Yamaguchi University and conformed to the Declaration of Helsinki. The patients and/or their families agreed to participate in this study after being adequately informed of the aims, methods, and anticipated benefits, as well as the potential risks and discomforts. All patients had the right to withdraw from the study at any time.
lSFi During Surgery
We previously described our use of LSFI during surgery. 22 Briefly, the LSFI system (Omegazone OZ-1; Omegawave Inc.) consisted of a laser emitter, infrared filter, charge-coupled device camera, and analysis software. The charge-coupled device camera was mounted on a surgical microscope (OPMI Pentero; Carl Zeiss Meditec) and captured random speckle patterns from laser-illuminated red blood cells on the brain surface. The velocity of red blood cell movement was converted into a 2D CBF map on a laptop computer that was placed at the surgeon's elbow. CBF was quantified and expressed as the intensity (iCBF) with arbitrary units. The surgeon can easily see the 2D CBF map on the laptop monitor placed at the surgeon's elbow and can also check real-time fluctuations on the timeline chart.
lSFi Protocol
Four to 8 regions of interest (ROIs) covering the entire exposed surface area were selected without inclusion of the large arteries or veins. A total of 92 ROIs were measured, with 7.6 ROIs per case on average. The average iCBF from the ROIs was determined. The rate of change in iCBF was calculated as follows: (preprocedure iCBF -postprocedure iCBF)/preprocedure iCBF. We evaluated iCBF before and after interrupting an artery related to the planned resection area using a temporary clip. The schema in Fig. 1 shows the principles underlying the classification of an artery in the resection area. Lesion borders were defined using a neuronavigation system (StealthStation S7; Medtronic Inc.). Three types of artery were defined: a feeding artery (FA) that fed the resection area only; a "passing through" artery (PA) that did not feed the resection area but perfused the surrounding normal area; and a combined FA+PA artery that possessed the features of an FA and PA (Fig. 1A) . A lesion-related FA+PA artery passes through the resection planning area, but when the branching small arteries from this PA feed the resection planning area, then the PA also becomes an FA. Thus, the artery was classified as a FA+PA, as shown in Fig. 1A and E. Normal iCBF indicates normal perfusion (red circle) in the inner region of the resection area and surrounding normal region (Fig. 1B) . After interrupting an artery, the artery was defined as FA if iCBF decreased (blue circle) in the inner region of the resection area and remained unchanged in the surrounding area (Fig. 1C) , the artery was defined as PA if iCBF was unchanged (blue circle) in the inner region and decreased in the surrounding area (Fig. 1D) , and the artery was defined as FA+PA if iCBF decreased in the inner and outer regions of the resection area (Fig. 1E) . Usually, 10 to 15 minutes are required for complete classification of the lesion-related arteries in each patient. Based on this classification, arteries were managed appropriately to avoid postoperative ischemic complications. Specifically, an FA can be sacrificed while a PA is spared by complete lesional resection. For FA+PA, the main trunk of the artery is spared with treatment of the branching small arteries that feed the planned resection area. This procedure was designed to avoid postoperative and unexpected ischemic complications.
Statistical analysis
Differences in iCBF between pre-and post-interruption of an artery were evaluated using the paired t-test since these were parametric data. Analyses were conducted using StatFlex software (Artech).
results
Color-coded visualization of CBF in the surgical field and CBF measurements in the ROIs were obtained in real time with excellent spatiotemporal resolution. 13, 22 In 11 patients (92%) and 21 ROIs, a clear decline in iCBF was observed after temporary interruption of the lesion-related artery (Table 1 ). The FA, PA, and FA+PA types were detected in 8, 2, and 2 patients, respectively. The average reduction in iCBF was 26.4% ± 25.8% (range 4.1%-88.2%), and this change was significant (Fig. 2) .
In 1 patient (Case 1), we were unable to detect an FA or PA. An artery was resected during removal of the tumor bulk, but no ischemic complications were found on postoperative diffusion-weighted imaging. No case showed a decline in response on motor evoked potential monitoring, which was performed in 11 patients, and there was no speech abnormality on language mapping in awake surgery during interruption of the lesion-related artery ( Table  1) . One patient (Case 7) had a postoperative ischemic lesion on the posterior side of the right temporal lobe. This may . Speckle-pattern imaging before (e) and after (F) temporary interruption of the feeding artery. g: Graph showing the timeline of the iCBF in 8 ROIs. "Clip" indicates the point of interruption of the artery, and "release" indicates the point of reflow after clip release. After clipping, there was an immediate and marked decline in iCBF in ROIs 1, 2, and 6 by 11.4% to 21.0%, which was maintained during the entire occlusion period of about 45 seconds. Removal of the clip immediately restored baseline perfusion to the pre-interruption level. From this result, the artery was classified as FA (Fig. 1C) have occurred because we cut one of the temporal branches from the right posterior cerebral artery during surgery for glioblastoma on the reverse side of the temporal lobe. In a glioblastoma case (Case 3), gadolinium-enhanced MRI showed an irregular ring-enhancing mass lesion in the left frontal lobe facing the motor cortex ( Fig. 3A  and B) . Left carotid angiography revealed a tumor fed by one of the frontal branches of the middle cerebral artery (yellow arrowhead; Fig. 3C ). iCBF surface imaging during pre-and post-temporary interruption of the artery revealed an FA that resulted from a decrease in iCBF (ROIs 1, 2, and 6) by 11.4% to 21.0% in the resection area (white dotted circle) without a change in the surrounding brain surface (Fig. 3D-G) . Total resection was achieved without ischemic complications (Fig. 3H and I) .
In Case 8 an AVM occurred with intraparenchymal hemorrhage in the right temporal lobe (Fig. 4A) . Left carotid angiography revealed nidus formation that was fed by the temporal branch of the right middle cerebral artery with draining toward the vein of Labbé (Fig. 4B) . iCBF surface images obtained during both pre-and post-temporary interruption revealed a PA during the temporary clipping of the artery (green arrow, Fig. 4C ) based on a decrease of iCBF in ROI 3 by 48.6% in the surrounding area without a change in the resection area (white dotted circle) (Fig. 4D-F and I, Clip 1) . In contrast, iCBF surface images (C, green arrow) , there was an immediate and marked decline in iCBF in ROI 3 by 48.6%, which was maintained during the entire occlusion period of about 30 seconds. Removal of the clip immediately restored baseline perfusion to the pre-interruption level. From this result, the artery was classified as a PA (Fig. 1D) . Next, after applying the clip to the artery (C, yellow arrow), there was an immediate and marked decline in iCBF in ROI 5 (resection planning area) and ROI 1 (surrounding area) by 50.1% to 74.9%, which was maintained during the entire occlusion period of about 15 seconds. Removal of the clip immediately restored baseline perfusion to the preinterruption level. From this result, the artery was classified as FA+PA (Fig. 1E) . J: Intraoperative photograph obtained after the complete removal of an AVM showing spared arteries. K: Diffusion-weighted MR image showing no ischemic complications.
revealed an FA+PA in the temporary clipping of the other artery (yellow arrow, Fig. 4C ) based on a decrease of iCBF in ROI 5 in the resection planning area and ROI 1 in the surrounding area by 50.1% to 74.9 % (Fig. 4D, G , H, and I, Clip 2). The AVM nidus was resected with sparing of these arteries, based on the classification, and treatment of the small branches from the arteries (Fig. 3J) . A postoperative diffusion-weighted image showed no ischemic complications (Fig. 4K) .
Discussion
The results of this study indicate the usefulness of LSFI as a noninvasive technique for the intraoperative assessment of microcirculatory flow and CBF alterations related to the planned resection area on the brain surface. Live LSFI images of iCBF were obtained for all 12 patients undergoing direct resection, and LSFI in 11 patients displayed a dynamic response for the sensitive detection of iCBF fluctuations at a high spatial resolution at both preand post-interruption of a lesion-related artery. Based on the iCBF fluctuation pattern, we were able to interpret the cortical vasculature adjacent to the lesion and subsequently resect the tumor bulk or AVM nidus with the appropriate management of the related arteries.
Detecting an FA in the resection area during an early stage of surgery and the prompt application of a temporary clip shortened the operation time by reducing unnecessary bleeding and hemostasis, thereby reducing the physical burden on the patient. If a PA is detected, ischemic complications can be avoided by preserving this artery. Avoiding postoperative neurological deficit requires neurophysiological monitoring, awake surgery, and other methods (i.e., a multimodal approach) to identify the locations of neurological functions and the cortical and subcortical vasculature. 12 A neurological deficit can thus be avoided by detecting a functional area using this approach, including motor evoked potential response, after temporary interruption of a lesion-related artery. However, if the resection area includes a nonfunctional area, the vasculature related to the lesion remains uncertain because the microcirculation and perfusion area of the lesion-related arteries cannot be visualized. In this situation, LSFI is likely to be useful as a complementary procedure for evaluating lesion-related vasculature and thus avoiding ischemic complications that might cause a neurological deficit.
Several approaches for intraoperative CBF monitoring have been described, primarily for angiographic visualization of the cerebral vasculature or invasive assessment of CBF. DSA remains the gold standard, 3, 5, 28, 32 but the practical use of this method is limited due to its invasiveness and high cost. Laser Doppler flowmetry is an excellent alternative for instantaneous, continuous, and real-time measurement of relative CBF fluctuations for determining responses to therapeutic interventions and detecting possible ischemic insults. 21 Laser Doppler flowmetry has a high temporal resolution and dynamic features but low spatial resolution that impedes blood flow measurements over a wide surface area, including the resection and surrounding areas.
Noninvasive visualization of brain vasculature through ICG videoangiography 25, 30, 31 permits inexpensive, highquality imaging of the cortical vasculature. The primary advantage of ICG angiography is the identification of the feeding and draining vessels, while intraluminal perfusion has been measured in recent studies based on the transit time of the dye; 15, 29 however, this method does not always give an accurate representation of blood flow. Quantitative information is only obtained during the initial wash-in of the dye (5-10 seconds), multiple injections are not always feasible, and adverse reactions to the dye may occur. 23 The plasma half-life of ICG is 3 to 4 minutes, with almost complete clearance after 10 minutes. 25 To accurately evaluate vessels, repeated temporary interruption of the related arteries is required, and waiting for 2 or more ICG wash-outs from the plasma in order to acquire accurate blood flow data is time consuming. Thus, ICG videoangiography is not suitable for detecting FA or PA based on iCBF fluctuations after several temporary interruptions of the arteries.
Ischemic complications after surgery developed in 1 of our cases due to occlusion of the temporal branch of the posterior cerebral artery, which circulated from the reverse side of the lesion. LSFI was not able to visualize this artery because the method provides information only for the surface of the brain that is exposed in the surgical field. Information about CBF at the reverse side of the cortex and deep white matter cannot be measured using LSFI, and thus we were unable to detect CBF decline during surgery in this patient. The combined use of LSFI with methods such as electrophysiology and awake surgery, which can detect injury including ischemia in the deep functional parenchymal region, may be required to avoid all ischemic complications. A single monitoring procedure cannot reveal all CBF changes, and these methods should be used in combination during surgery.
conclusions
Real-time LSFI measurements of intraoperative CBF fluctuations provide information on the arteries related to the planned surgical resection area with high spatial resolution, minimal effort, and the use a repeatable maneuver in a short time. This allows the classification and appropriate management of the arteries and subsequent avoidance of postoperative ischemic complications. Therefore, LSFI reduces the burden on patients and has a cost benefit. This vasculature information indicated on LSFI can be used to preserve neurological function as a procedure complementary to neurophysiological monitoring. 
